It is generally believed that kisspeptin and gonadotropin-releasing hormone (GnRH) are required for reproduction in vertebrates. In this study, we generated gnrh3-null zebrafish and found that gnrh3 mutation did not impair gonad development and reproductive capacity. Moreover, zebrafish triple knockout mutant lacking gnrh3 and the 2 kiss1s genes undergo normal puberty and gonad maturation. The expression of follicle-stimulating hormone beta (fshb) and luteinizing hormone beta (lhb) was not significantly altered whereas the expression of neuropeptide Y (npy), tachykinin 3 (tac3), and secretogranin-II (sgII) was significantly increased in the triple knockout mutant, suggesting that compensation mechanisms exist to stimulate the reproductive axis in the absence of kiss and gnrh. Our results challenge the prevailing view that GnRH is indispensable for reproduction across species. These data provide genetic evidence that different mechanisms have evolved for the neuroendocrine control of reproduction between mammals and fish: pulsatile release of GnRH to the portal system is the final gateway to stimulate the reproductive axis in mammals, whereas multiple factors act in parallel with GnRH to stimulate the reproductive axis in certain fish species. (Endocrinology 158: 604-611, 2017) 
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It is generally believed that kisspeptin and gonadotropin-releasing hormone (GnRH) are required for reproduction in vertebrates. In this study, we generated gnrh3-null zebrafish and found that gnrh3 mutation did not impair gonad development and reproductive capacity. Moreover, zebrafish triple knockout mutant lacking gnrh3 and the 2 kiss1s genes undergo normal puberty and gonad maturation. The expression of follicle-stimulating hormone beta (fshb) and luteinizing hormone beta (lhb) was not significantly altered whereas the expression of neuropeptide Y (npy), tachykinin 3 (tac3), and secretogranin-II (sgII) was significantly increased in the triple knockout mutant, suggesting that compensation mechanisms exist to stimulate the reproductive axis in the absence of kiss and gnrh. Our results challenge the prevailing view that GnRH is indispensable for reproduction across species. These data provide genetic evidence that different mechanisms have evolved for the neuroendocrine control of reproduction between mammals and fish: pulsatile release of GnRH to the portal system is the final gateway to stimulate the reproductive axis in mammals, whereas multiple factors act in parallel with GnRH to stimulate the reproductive axis in certain fish species. (Endocrinology 158: 604-611, 2017) T he hypothalamus-pituitary-gonadal axis plays a critical role in the control of reproduction in vertebrates (1) . This axis is tightly controlled by gonadotropin-releasing hormone (GnRH) released from the forebrain promoting luteinizing hormone (LH) and follicle-stimulating hormone (FSH) synthesis and release from the gonadotrophs. LH and FSH act on the gonads to stimulate testis or ovary development. The kisspeptin signaling pathway is responsive to sex hormones released from the gonad, exerting feedback control on the pulsatile GnRH secretion from the brain (2) .
GnRH plays a central role in the control of the reproductive axis. Up to 3 gnrh genes have been found in the genome of a vertebrate (3) (4) (5) . The gnrh1 gene exists across species but is lost in certain teleostean species such as Cyprinidae and Salmonidae. The gnrh2 gene is wellconserved from fish to human but lost in rodents, and gnrh3 is only found in teleost. In species with 3 gnrh isoforms, gnrh1 is expressed in the preoptic area and hypothalamus to regulate gonadotropin release, and gnrh2 is mainly expressed in the midbrain tegmentum to regulate feeding behavior (6, 7) . The gnrh3 gene is mainly expressed in the terminal nerve of the forebrain (olfactory bulb and the telencephalon) with neuromodulatory functions (8) . Functional compensation may exist between gnrh1 and gnrh3; for example, gnrh1 gene is lost in zebrafish, in which gnrh3 is expressed in the preoptic area and hypothalamus (9) . The gnrh3 is lost in catfish, in which gnrh1 is expressed in terminal nerve of the forebrain (10) . Gene mutation of gnrh1 leads to infertility in humans (11) . In nonmammalian species, however, the gnrh mutation genetic model has yet to be established.
Teleosts encompass more than 27,000 species, accounting for more than 40% of living vertebrates. There are several major differences between fish and mammals regarding their neuroendocrine control of reproduction (6) . First, unlike mammals, which possess a portal vascular system, the hypothalamic-hypophyseal portal system is not well-developed in fish. The anterior pituitary is directly innervated by numerous neuronal cell types that could release neuropeptides and neurotransmitters (12) . Second, gonadotropin release is controlled by inhibitory factors in some teleosts. The most well-studied inhibitory factors are dopamine and gonadotropin-inhibitory hormone (GnIH) (13) (14) (15) (16) . Third, besides GnRH, other neuropeptides and neurotransmitters have been identified to stimulate gonadotropin release from the pituitary, such as kisspeptin (17, 18) , NPY (19, 20) , NKB (21) , and secretoneurin (22) , etc. Indeed, gene knockout of either the kiss1 gene or its receptors did not impair reproduction in zebrafish (23) , suggesting that teleost and mammals may have evolved different strategies for their neuroendocrine control of reproduction. However, it is still unknown whether both gnrh and kiss are genetically required for reproduction in fish.
In this study, using zebrafish as a model, we generated a gnrh3 mutant line. We show that gnrh3-null fish possess normal reproductive capacity. Moreover, zebrafish triple knockout mutant lacking both the gnrh3 and the 2 kiss1 genes also exhibits no reproductive defects. We have demonstrated that the expression of npy, tac3, and sgII is significantly increased in the brain of the triple knockout mutant. Our data challenge the prevailing view that GnRH is indispensable for reproduction across species.
Materials and Methods

Zebrafish husbandry
AB zebrafish were maintained at 28°C in the zebrafish facilities of the Sun Yat-Sen University and the Chinese University of Hong Kong. All animal experiments were conducted in accordance with the guidelines and approval of the respective Animal Research and Ethics Committees of the Sun Yat-Sen University and Chinese University of Hong Kong.
TALENs preparation
TALENs for the zebrafish gnrh3 gene were assembled using the golden gate method, as described previously (24) (25) (26) (27) . The final TALEN expression plasmids were linearized by NotI and transcribed using the mMESSAGE mMACHINE SP6 Kit (Ambion, Austin, TX). The TALEN messenger RNA (mRNA) samples were purified using the RNeasy Mini Kit (QIAGEN, Hilden, Germany).
Establishment of zebrafish mutant lines
To generate the zebrafish gnrh3 mutant line, 2 pairs of TALEN mRNA were mixed and microinjected into 1-cell stage zebrafish embryos. Genomic DNA was isolated from 8 to 10 pooled embryos (24 hours postfertilization) to check whether the targeted genomic fragment was deleted. The TALENinjected embryos were raised to adulthood and out-crossed with wild-type (WT) fish and the homozygous mutant line was obtained in F2 generation. To obtain the triple gene knockout line, the gnrh3 mutant line was further crossed with the kiss1;kiss2 homozygous mutant line and the heterozygotes from this cross were further in-crossed.
Immunofluorescence analysis of GnRH3
Immunofluorescence was performed using a polyclonal antiserum against goldfish GnRH3 (28) . Zebrafish larvae (5 days postfertilization [dpf]) were incubated with the GnRH3 antibody (1:500) prepared in a pH 7.0 phosphate-buffered saline containing 2% normal goat serum and 0.5% Triton X-100, and incubated at 4°C overnight in a closed moist chamber. After washing with the phosphate-buffered saline solution, the embryos were incubated with a secondary antibody (goat anti-rabbit Alexa 488; Thermo Fisher Scientific, Waltham, MA). Fluorescence signals were visualized on a fluorescence microscope (Olympus BX51; Olympus Corporation, Shinjuku, Tokyo, Japan).
Histological analyses of the zebrafish mutant lines
Gonad histology was performed as described previously (23) . Fish were euthanized using tricaine and the testicular or ovarian samples were fixed in Bouin's solution overnight at room temperature. The samples were dehydrated and embedded in paraffin, and sectioned at 5-mm thickness. For each sex of the mutant line, gonads from 2 to 3 fish were sectioned and analyzed.
Fecundity and fertilization rate assessment
Fecundity and fertilization rate assessment was performed as described (23) . One female was paired with 1 male in a spawning tray. After a light was turned on in the morning, the spawned eggs were collected and counted. The developing embryos were maintained at 28°C in a 30% Danieau solution. The fertilized/unfertilized eggs could be discerned at 4 hours postfertilization on a stereomicroscope. Five independent crosses were analyzed for fecundity and fertilization rate assessment for each genotype.
Quantitative real-time polymerase chain reaction (PCR)
Total RNA was isolated from the brain or pituitary using TRIzol reagent (Ambion). One microgram of total RNA was reverse-transcribed into complementary DNA using the ReverTra Ace-a first-strand complementary DNA Synthesis Kit (TOYOBO). Quantitative real-time PCR was performed on a Roche LightCycler 480 real-time PCR system using SYBR Premix Ex Taq™ (TAKARA, Otsu, Japan). The primers used in this study are listed in Supplemental Table 1 .
Statistical analyses
All data were expressed as mean value 6 standard error of the mean (SEM). Statistical analyses were performed using press.endocrine.org/journal/endounpaired Student t test. P values ,0.05 were considered statistically significant.
Results
Establishment of the zebrafish gnrh3 mutant line There are 2 gnrh genes in zebrafish. The gnrh2 is mainly expressed in the midbrain; gnrh3 is expressed in the olfactory, preoptic area and ventral hypothalamus (9) . To ascertain whether the hypophysiotropic gnrh3 is required for zebrafish reproduction, we assembled 2 pairs of TALENs targeted toward the zebrafish gnrh3 gene. As shown in Fig. 1(A) , the gnrh3 gene contains 4 exons and the mature GnRH peptide is encoded by the second exon. The TALEN target sites were chosen at the first intron and the second intron to delete the entire second exon. TALEN mRNA was injected into zebrafish embryos and the injected embryos were raised to adulthood and outcrossed with WT fish. Germline deletion of gnrh3 was recovered in the F1 progenies. The gnrh3 heterozygote with a 195-bp deletion and 1-bp insertion was used to establish the homozygous mutant line [ Fig. 1(B) ]. Successful gnrh3 deletion was confirmed by sequencing. GnRH3 immunoreactive signals could be detected in the olfactory bulb of the WT control but not the gnrh3 2/2 mutant [ Fig. 1(C) ], indicating that the GnRH3 mature protein was not produced in the mutant line.
Full reproductive capacity in the zebrafish gnrh3 mutant
All of the zebrafish gnrh3 2/2 mutants were viable. No gross morphological difference was observed between the WT and gnrh3 2 /2 fish. The ovary and testis from the gnrh3 2/2 mutants were fully developed [ Fig. 2(A) ].
The gonadosomatic index values were similar between the WT and gnrh3 2/2 mutants [ Fig. 2(B) ]. To examine whether the gametes have developed normally, gonad histology was performed at 75 dpf [ Fig. 2(A) ]. In the ovaries, follicles of different developmental stages, including full-grown follicles, could be observed in the gnrh3 2/2 mutants. In the testes, spermatozoa with condensed spermheads could be observed in the gnrh3 2/2 mutants [ Fig. 2(A) ]. We next investigated whether the gnrh3-null fish possess reproductive capacity. The results show that there is no important difference in the number of embryos per cross or in the fertilization rate between the WT and gnrh3 2/2 mutants [ Fig. 2(C) ]. Healthy homozygous mutant embryos could be obtained from the in-cross of the gnrh3 2/2 mutants. Collectively, these data indicate that full reproductive capacity is retained in the gnrh3 mutants.
Puberty onset and sexual maturation were not affected in the kiss1;kiss2;gnrh3 triple mutant line In mammals, both kiss1 and gnrh1 genes are essential for the reproductive axis. We have generated the kiss double mutant line in a previous study and demonstrated that it possesses full reproductive capacity (23) . To exclude the possible functional compensation between kiss and gnrh, we crossed the gnrh3 mutant fish with the kiss1;kiss2 mutant fish to obtain the triple knockout (TKO) line lacking kiss1, kiss2, and gnrh3.
The ovary and testis from the TKO line were morphologically normal [ Fig. 3(A) ]. Gonad histology analysis indicated that spermatogenesis and folliculogenesis were not disrupted in the TKO mutants. Homozygous TKO embryos could be produced by in-cross of the TKO line. Collectively, these data indicate that reproductive function is normal in the TKO mutants.
To determine whether puberty onset was disrupted in the TKO fish, gonad histology was performed at 45 dpf.
Zebrafish with a body weight of around 100 mg were used to examine whether puberty was normal (29) . A large number of spermatids and previtellogenic follicles were found in both the WT and TKO fish [ Fig. 3(B) ]. Collectively, these data clearly indicate that puberty onset and gamete maturation are not affected in the TKO line.
Gene expression profile of gonadotropin and neuropeptides in the triple mutant line
We then investigated the gene expression of fshb and lhb in the pituitary. In both matured male and female fish, the gene expression of fshb and lhb was not significantly different between the WT and TKO mutants (Fig. 4) . Together with the normal reproductive phenotype of the TKO fish, these data suggest that compensation mechanisms exist to stimulate the reproductive axis after knockout of kiss and gnrh3.
Besides GnRH and kisspeptin, several other neuropeptides have been identified to regulate gonadotropin synthesis or release in fish. NPY, NKB, and secretogranin were reported to stimulate, whereas GnIH was reported to suppress gonadotropin release. We therefore analyzed the gene expression profile of these neuropeptides in the TKO line. The expression of npy, tac3 (the NKB encoding gene) was significantly increased, whereas the expression of gnih was slightly decreased in both males and females (Fig. 5) . The neuropeptide gene expression profiles were not studied in the heterozygous mutant lines (these lines were not kept) and therefore the gonadal stage-matched samples were not available. Collectively, these data suggest that the increased expression of other neuropeptides in the brain may compensate for the loss of gnrh3 and kiss1 function in the TKO line.
Discussion
It is generally believed that GnRH function is essential for reproduction across species. In humans or mice, gene mutation of gnrh1 will lead to the infertile phenotype. Different from mammals, the pituitary in fish is directly innervated by neurons that secrete various neuropeptides and neurotransmitters reported to exhibit stimulatory or inhibitory actions on gonadotropin release from the pituitary. Yet the in vivo physiological significance of these factors is far from clear. In this study, we have generated the gnrh3-null fish as well as the gnrh3;kiss1;kiss2 TKO line and found that puberty and reproductive capacity were not impaired in these mutant lines. These results provide strong genetic evidence that fish and mammals have evolved different strategies for the neuroendocrine control of reproduction.
A previous study reported that laser ablation of GnRH3 neurons in zebrafish larvae caused reproductive defects: a decreased number of GnRH3 neurons in the brain will lead to reduced fertility and the complete depletion of the GnRH3 neuron will lead to infertility (30) . In this study, we have used the genomic fragment deletion strategy to knock out the zebrafish gnrh3 and found that there is no impact on the reproductive capacity of the mutant fish. Similar results have also been reported recently (31) . These data indicated that gnrh3 is genetically dispensable for zebrafish reproduction. The discrepancies between the gene knockout studies and the laser ablation study may be due to the different methods adopted to eliminate the gnrh3 functions. One possible explanation is that genetic deletion of gnrh3 may stimulate genetic compensation mechanism, a phenomenon that has been reported during early embryonic development in zebrafish (32) . However, gnrh3 mainly functions in adulthood, and genetic compensation induced by genome editing in embryos is unlikely the primary reason for the observed discrepancy. While the gene knockout approach disrupts the targeted gene, neuron ablation by laser is a physical method targeted to cells and may cause nonspecific lesions. Further investigations are needed to fully understand the discordant results obtained from the gene knockout studies and the laser ablation study.
GnRH3 is considered the most important stimulator of gonadotropin release in species with 2 gnrh isoforms. Using a zebrafish gnrh3-GFP transgenic line, the GnRH3 neurons were found in the basal forebrain with projections to the pituitary (33) . The expression of gnrh3 was increased during puberty and maturation in zebrafish (34) . Moreover, GnRH analogs have been widely used in the culture of cyprinid fish species to promote breeding (35) . However, our gene knockout data indicate that full reproductive capacity is retained even if both kiss and gnrh3 were mutated in zebrafish. These results are not necessarily contradictory to the reported functional roles of GnRH3 in the control of gonadotropin release, but suggest that compensatory mechanisms exist to compensate for the loss of function of kiss and gnrh3.
Fish and mammals shared a common ancestor a long time ago (36) . The control of reproduction may have diverged during evolution. In mammals, the release of GnRH to the portal vasculature is the final gateway to trigger gonadotropin release; therefore, gene mutation of kiss1, gpr54, or nkb could disrupt GnRH release and lead to infertility (37) (38) (39) . In fish, however, the pituitary is directly controlled by the neuropeptides and neurotransmitters; therefore, functional compensation can occur when the kisspeptin and GnRH functions are missing. Indeed, several neuropeptides and neurotransmitters, including GnRH3, NPY, secretoneurin, and dopamine, are of a hypophysiotropic nature (6, 19, 22, 33) . While GnRH3, NPY, and secretoneurin possess stimulatory actions on gonadotropin release, dopamine and GnIH on the other hand possess inhibitory actions on gonadotropin release in vitro and in vivo (6, 22) . In the TKO line, we found that the expression of npy, tac3, and sgII was increased after the loss of gnrh3 and kiss.
Moreover, zebrafish lacking both gnrh2 and gnrh3 also possess normal reproduction (31) , suggesting that gnrh2 cannot compensate for the loss of the gnrh3 function.
It is worth noting that teleosts represent a large group of species living in different habitats. Different mechanisms for the neuroendocrine control of their reproduction may exist among different fish species. For example, the inhibitory action of dopamine on gonadotropin release is mainly found in the fresh water fish species (40, 41) . Zebrafish possess 2 gnrh genes but lack gnrh1. In other fish species such as medaka and tilapia, 3 gnrh genes including gnrh1 are present (8, 42) . A recent study reported that genetic mutation of gnrh1 in medaka causes infertility in females but not in males (43) , suggesting that gnrh1 is required for female reproduction in certain fish species.
In conclusion, our study provides insights on the following aspects of vertebrate reproduction. First, GnRH function is not required for reproduction in certain species. Second, the gnrh and kiss knockout fish exhibit no reproductive defects, indicating that the reproductive axis is controlled by multiple factors in certain fish species. Third, the evolution of a multifactorial control strategy in fish suggests the provision of a fail-safe mechanism that allows compensation among different factors to ensure successful reproduction essential for the survival of the species. The adoption of a multifactorial press.endocrine.org/journal/endocontrol mechanism in fish fits well with their reproductive strategy to produce a large number of offspring.
